Chitosan (CS) modified multi-walled carbon nanotubes (MWCNTs) were used as adsorbents (CS-MWCNTs) to adsorb Congo red (CR, anionic dye) from solution in batch mode. The structure and morphology of CS-MWCNTs were characterized by TEM, FTIR, Raman and XPS. The results from analysis of FTIR and XPS showed that CS was successfully loaded onto the MWCNTs. Raman analysis showed that the basic structure of MWCNTs after CS modification did not change. Adsorption studies were performed at different pH, coexisted ions concentrations, contact time and CR concentrations in the batch mode. Results showed that the pH of CR solution at 4.0 was best for the adsorption and the adsorption capacity could reach up to 623 mg·g -1 at 303K. The adsorption of the CR solution reached equilibrium within 8 h. Adsorption equilibrium data can be predicted by the Freundlich model while the kinetic adsorption data follow a pseudo-second-order model. Thermodynamic results showed that the adsorption process was spontaneous, and endothermic. The CR-loaded adsorbent can be regenerated using a 0.01 mol·L −1 NaOH solution, the regeneration rate can still reach 71% after three cycles. CS-MWCNTs may be available in removal of anionic dyes from solution.
Introduction
Modern industry, especially the textile industry, emits a large amount of dye wastewater every year. If these wastewaters are directly discharged without treatment, they will cause serious pollution to water bodies [1] . Therefore, it is urgent to purify the dye before discharge of dye solution into environment. The traditional methods of dye wastewater's treatment include coagulation, sedimentation, oxidation, membrane technology, biological treatment and adsorption technique [2, 3] . The adsorption method is one common method because of its simplicity, high efficiency, easy recovery, and easy recycling [4] . Various adsorbents such as activated carbons in different forms [5] , clays [6] and carbon nanotubes [13] were successfully used to remove dyes from aqueous solution. The most widely used adsorbent for the adsorption process in industrial wastewater treatment systems is activated carbon due to its large specific surface area. Owing to the high cost of activated carbon, the use of this adsorbent is limited. Therefore, researches have been continued for inexpensive alternative adsorbents having reasonable adsorption efficiencies [6] .
Dye wastewater has the characteristics of complex composition, deep color and difficult to be degraded. Most of dyes and their intermediate metabolites have mutagenicity, carcinogenicity and other toxicity, which seriously affect the ecological environment and human health [7] [8] [9] . Azo dyes account for about 70% of the total amount of dyes actually discharged into the water [10] . The discharge of these dyes not only causes pollution of natural water bodies, the death of aquatic animals and plants, the imbalance of ecosystems, but also directly harms the human body [11] [12] [13] . Congo red (CR) is a typical benzidine azo anion dye and is one of the representative pollutants in printing and dyeing wastewater. Therefore, it is necessary to deal with CR.
Chitosan (CS) is a product of chitin deacetylation. Its amino group can be protonated into a high charge density positive ion polyelectrolyte in an acidic solution with a pH lower than 6.5, and has the property of adsorbing negatively charged colloidal particles in water. The chitosan molecular chain contains a large number of reactive hydroxyl groups and amino groups, which can undergo various chemical reactions to form various derivatives. Therefore, chitosan has good chelation, adsorption, cross-linking, bridging properties, good film formation, permeability, hygroscopicity, and can be used as an adsorbent and flocculant in water treatment [14] .
Multi-walled carbon nanotubes (MWCNTs) are a one-dimensional nanomaterial with a unique hollow structure. The surface of the original multi-walled carbon nanotubes has a strong van der Waals force [15, 16] . In practical applications, it needs to be modified to break the van der Waals force [17, 18] . In recent years, modified multi-walled carbon nanotubes (MWCNTs) have been widely used in the field of water treatment [19, 20] . The most used materials are synthetic and natural polymers in the modification of MWCNTs [21, 22] . These studies show that modified multi-walled carbon nanotubes have a strong binding capacity and a large adsorption capacity, and are an ideal adsorbent material. Congo red (CR, anionic dye) is a typical benzidine anionic disazo dye with high solubility in aqueous solution. The metabolite of the dye, benzidine, is a known human carcinogen.
Based on the above analysis, the aim of the present study was to prepare CS-MWCNTs nanocomposite for removal of CR from solution. The composite material not only overcomes the disadvantage that MWCNTs and CS which are difficult to separate in solution, but also has the advantages of having a large specific surface area of MWCNTs and a large number of adsorption sites of CS. The comparison of the adsorption capacity of CR with other adsorbents is shown in Table 1 [23] [24] [25] [26] [27] [28] . It shows that CS-MWCNTs has a higher adsorption capacity for CR. In addition, CS-MWCNTs were simple to prepare, environmentally friendly, and recyclable. The effect of pH and salt concentration on the adsorption quantity was determined and the mechanism of adsorption was presented in the study.
Materials and methods

Materials
Multi-walled carbon nanotubes (MWCNTs, Macklin, Shanghai, China. ID: 5-10 nm, OD: 10-30 nm, length: 10-30 um, purity: >90%), chitosan (CS, deacetylation degree greater than or equal to 90%, SCRC, Shanghai, China), acetic acid (Bodi Chemical Reagent, Tianjin, China), ammonium hydroxide ( w%: 25%-28%, Sinopharm Chemical Reagent,, Yantai, China), congo red (CR, Aladdin, Shanghai, China). The chemicals used in the experiments were of analytical grade. Distilled water is used.
Preparation of CS-MWCNTs
0.1 g of chitosan was dissolved in 100 ml of 1% acetic acid solution and 0.1 g of MWCNTs was added, then was ultrasonically dispersed for 2 h. The 5 ml ammonia (w%: 25%) solution was added dropwise to the black mixtures, and MWCNTs and CS were coagulated and precipitated completely, and the pH of the solution was about 10 [29] . The black precipitate was filtered and washed with ultrapure water until the filtrate was neutral. Finally, the CS-MWCNTs composite was dried in a blast oven at 60°C for 8 h, then cooled and ground for later use.
Characterization of MWCNTs and CS-MWCNTs
Several analytical techniques were used to characterize the synthesized materials. The microstructure and morphology of MWCNTs and CS-MWCNTs were imaged by transmission electron microscope (TEM, TECNAIG2F20-S-TWIN, America). The MWCNTs and CS-MWCNTs were dispersed by ultrasonication in ethanol, and the dispersed solution was dropped onto a copper grid for measurement.
The characteristic functional groups were determined by Fourier transform infrared spectroscopy (FT-IR Spectrometer, Nicolet iS50, American). The spectral range is 500-4000 cm −1 , resolution is 0.09 cm −1 , and sample concentration is 1% (w%). Raman spectroscopy (Raman, LabRAM HR Evolution, France) was used to determine the structure of MWCNTs and CS-MWCNTs. The wavelength of laser is 532 nm, spectral range is 500-2500 cm -1 , resolution is 0.03 cm -1 . The binding energy of CS-MWCNTs adsorbed CR before and after was analyzed by X-ray photoelectron spectroscopy (XPS, ESCALAB 250Xi, England). The type of the X-ray source is Al (hv = 1486.6 eV), and it is monochromatic. The survey scan range is 0-1000 eV, dwell time is 340 s, pass energy is 20 eV, step size is 0.05 eV and number of sweeps is 5.
Analysis of material surface charge changes by pHpzc. The pH of 10 ml of 0.01 mol·L −1 NaCl solution was adjusted to between 2 and 11, and 0.01 g of CS-MWCNTs was added to the NaCl solution for an equilibrium time of 720 min. Then measure the final pH of the solution as pH final . The pHpzc is the point where pH intial -pH final = 0.
Adsorption experiments
The CR adsorption onto CS-MWCNTs was performed in batch mode. 6.0 mg of CS-MWCNTs was added to a 50 ml conical flask, and 10 ml of a 400 mg·L −1 CR solution was added. The conical flask was placed in a 120 rpm thermostat shaker (Guohua Enterprise SHZ-82, China). After adsorption, CS-MWCNTs were separated by centrifugation at 3000 rpm. The absorbance of CR in the supernatant , at 293 K, 303 K, 313 K, pH = 4. All tests were double and average was selected.
The adsorption quantity of CR loaded onto unit mass of CS-MWCNTs was calculated using equation:
where
, C e is the CR concentration at any time t or equilibrium (mg·L −1 ), and m is the mass of CS-MWCNTs (g).
Desorption study
The CR-loaded CS-MWCNTs was prepared by CS-MWCNTs adsorption of 400 mg·L −1 of CR (pH = 4.0, T = 303 K, solid-liquid ratio is 0.6 g·L −1 ), and then the CR-loaded CS-MWCNTs were washed with distilled water to remove the unadsorbed dye and were dried at 60°C in heating oven. The CR loaded-CS-MWCNTs was desorbed by different methods (75% ethanol, NaOH solution and microwave irradiation), and the CS-MWCNTs were washed and dried after desorption, and the adsorption experiments were repeated under the same conditions. The best desorption method was used to repeated desorption and regeneration experiments.
Results and discussion
Characterization of MWCNTs and CS-MWCNTs
TEM analysis
The TEM images of MWCNTs and CS-MWCNTs are shown in Fig. 1 . It is observed from Fig. 1a that MWCNTs has good dispersibility on the surface, no impurities. Fig. 1b shows that the surface of carbon nanotubes in CS-MWCNTs was covered by chitosan, and the dispersibility of MWCNTs was reduced. The absorption peak at 1644 cm −1 was a characteristic absorption peak of C−N vibration [30] . The absorption at 1000 to 1200 cm −1 comes from the vibration of the C−O. The main difference in the infrared spectrum of CS-MWCNTs and MWCNTs was that the peak at 3437 cm −1 from -OH or -NH stretching vibration was enhanced (Fig. 2) . This indicated that a large amount of amino or hydroxyl groups were introduced on the surface of MWCNTs.
FTIR analysis
Raman analysis
Raman of adsorbent can offer some useful information. Fig. 3 shows the Raman spectra of MWCNTs and CS-MWCNTs. There are two peaks at 1353 cm −1 and 1593 cm −1 according to Fig. 3 , which correspond to the vibration caused by the disordered structure and the defects of the graphite (point D), and the vibration between the carbon and carbon in the plane of the aromatic configuration layer of the graphite (point G). The area ratio of the two absorption peaks (ID/IG) represents the order degree of the carbon nanotubes' surface (disturbance degree) [31] . The ID/IG values of MWCNTs and CS-MWCNTs are 1.028 and 1.027, respectively. Compared with MWCNTs, the IG/ID value of CS-MWCNTs does not change much, indicating that the structure of carbon nanotubes is basically unchanged during the modification process. The carbon atoms on the carbon nanotubes do not react, and the reaction only occurs on the functional groups.
The process of CS modified MWCNTs is through noncovalent functionalization to modify the MWCNTs surface by wrapping the MWCNTs with CS, or by adsorption of CS on the MWCNTs surface via π-π interactions, electrostatic interaction or hydrophobic effects [23, 32] .
XPS analysis
The surface chemistry of CS-MWCNTs and CR-loaded CS-MWCNTs was investigated using XPS (Fig. 4) . It was seen from the general spectrum that CS-MWCNTs mainly contained C, O, N elements, of which N element was mainly from CS introduction. The elemental contents were 93.22% C, 5.1% O, and 1.68% N, respectively. XPS analysis provided further evidence for the successful preparation of CS-MWCNTs. Fig. 4b is a full spectrum of CR-loaded CS-MWCNTs. After CR adsorption on CS-MWCNTs, the weak peak of S2p appeared at 168.5 eV, indicating that CR was adsorbed on the surface of CS-MWCNTs.
Zero point of charge
The zero point of charge of materials indicated the functional groups on their surface and the results are shown in Fig. 5 . It was seen from Fig. 5 that the pH pzc values were 6.6 for CS-MWCNTs. When the pH of the CR solution is higher than 6.6, the surface of the material is negatively charged, and below 6.6, the surface of the material is positively charged. And when the solution pH is higher than 4, the positive charge on the surface of the material is gradually reduced.
Batch adsorption studies
The effect of pH on adsorption
The pH of the solution often affects the charge on the surface of the adsorbent as well as the chemical structure and stability of adsorbate. Fig. 6 shows the effect of solution pH on CR adsorption. It was seen that it was favored of CR adsorption at solution pH 4.0. When solution pH was over or less than 4.0, the adsorption quantity decreased, so working solution pH was adjusted to 4 in the following experiments. When solution pH is less 4.0, some chitosan is dissolved and the material is destroyed, so values of q e became less. CR is an anionic dye with negative charge and there was positive charge on the surface of adsorbent. The adsorption force is mainly electrostatic attraction. With solution pH increased, the electrostatic force was weakened and the adsorption capacity of CS-MWCNTs decreased. Similar result was obtained about CR adsorption onto raw chitosan [24] and chitosan coated magnetic iron oxide [33] . But the trend about effect of solution pH was different about light green adsorption onto PEI-modified MWCNTs [20] . , respectively. But the adsorption quantity of CS toward CR was 114 mg·g −1 from isotherm curve [24] . This confirmed that the MWCNTs adsorption capacity after CS modification was significantly enhanced. So the modification is valuable.
But even at solution pH 2.0 or higher solution pH, values of q e were still over 400 mg·g −1 (Fig. 6 ) and was higher than that of MWCNTs. This showed that there were other action between CR and CS-MWCNTs, such as hydrogen bonding and van der Waals force [33] .
The effect of salt concentration on adsorption
In the actual process of wastewater treatment, the wastewater usually contains other coexisting inorganic salt ions, which may affect the adsorption amount. Therefore, it is necessary to discuss the influence of salinity on adsorption quantity and the results of salt effect are presented in Fig. 7 . It was seen from Fig. 7 that when the concentration of NaCl, Na 2 SO 4 and CaCl 2 increased from 0 to 0.10 mol·L , 648 mg·g −1 and 663 mg·g −1 respectively. The effect of NaHCO 3 decreases first and then increases slowly, because the presence of NaHCO 3 increases the value of the pH of the solution. This indicated that the presence of inorganic salt ions is beneficial to the adsorption process. During the experiment, it was found that some CR molecules settled on the surface of the CS-MWCNTs during the adsorption process. The reason may be that in the process of CR adsorption onto CS-MWCNTs, the addition of salt reduces the thickness of the electric double layer, making the diffusion of the dye to the adsorbent easier. This facilitates adsorption of CR by electrostatic attraction, thereby increasing the amount of the dye adsorption.
Similar results were obtained about CR adsorption on onto chitosan coated magnetic iron oxide [33] and ethylenediamine and the modified wheat straw [34] . But the opposite trend was observed about methyl ooange adsorption onto chitosan coated sand [32] .
The effect of equilibrium concentration and temperature on adsorption
The effect of equilibrium concentrations of CR and adsorption temperatures are recorded in Fig. 8 . It was shown that the value of q e increased with the increase in CR concentrations. As the equilibrium concentration of CR increased, the surface adsorption site of CS-MWCNTs was decreased relatively. It could be seen that the value of q e increased with the increase of temperatures. The results indicated that the adsorption process was endothermic and the increase in temperature was favorable of CR adsorption. This may be due to that the increase in temperature promotes the acceleration of molecular motion, resulting in easier access of CR molecules to more adsorption sites [33] .
The surface properties of the adsorbent and the interaction between the adsorbent and the adsorbate can be known depending on the type of adsorption isotherm. The experimental adsorption isotherms can be described by the adsorption isotherm equation, and the adsorption mechanism can be better explained theoretically by obtaining different model parameters. Three common isothermal adsorption models were used, Langmuir, Freundlich and Koble-Corrigan models.
The Langmuir adsorption isotherm describes monolayer adsorption, the Langmuir isotherm can be expressed as [35] :
where q e (mg·g ) is a constant that is related to the binding energy.
The Freundlich isotherm indicates that the adsorption process is heterogeneous multi-layer adsorption. The Freundlich isotherm is usually expressed as [36, 37] :
where K F (L·g -1 ) and n are the Freundlich constants characteristic of the system, which are related to the adsorption capacity and adsorption intensity of the sorbent, respectively.
The three-parameter Koble-Corrigan equation which is a combination of the Langmuir and Freundlich isotherm type models. It is given by equation [38] : ) and n are the Koble-Corrigan parameters.
The experimental data of CR adsorption onto CS-MWCNTs at different temperatures were nonlinearly fitted to the above equations, combined with error analysis. The fitted results are shown in Table 2 and the fitted curves are also presented in Fig. 8 .
For Langmuir model, the maximum adsorption amount of CS-MWCNTs towards CR was 580 mg·g −1 , 643 mg·g −1 , 700 mg·g −1 , respectively, which is quite different from the experimental result q e(exp) . Furthermore, there were lower values of R 2 and higher values of SSE. The fitted curves were also far from experimental curves. So it was referred that this model be not suitable to describe CR adsorption onto CS-MWCNTs. Therefore, the Langmuir model can not be applied to predict the equilibrium process and the adsorption was not monolayer.
For Freundlich model, values of K F (related to adsorption capacity) became larger with the increase of temperature, indicating that the adsorption was an endothermic reaction. There were higher values of R 2 and smaller values of SSE, while the fitted curves were closer to experimental curves, this model could describe the equilibrium process. So CR adsorption onto CS-MWCNTs was considered as a heterogeneous multi-molecular layer adsorption process. In literature, it was reported that the adsorption isotherms of various anilinic compounds, aromatic compounds and dyes onto activated carbon cloth followed the Freundlich isotherm model [39, 40] . According to Table 2 , values of 1/n were between 0.1 and 0.5, indicating that CS-MWCNTs had good adsorption performance for CR.
For Koble-Corrigan model, the value of n was far from 1, this indicated that the isotherm was closer to the Freundlich modle. The value of R 2 is greater than 0.9 and the value of SSE is small. So Koble-Corrigan model can also be used to describe the adsorption equilibrium behavior according to the results obtained from Fig. 8 and Table 2 .
The effect of contact time on adsorption
The effects of contact times on the adsorption of CR by CS-MWCNTs were studied at 293, 303 and 313 K, respectively. The experimental results are shown in Fig. 9 .
It was found from Fig. 9 that values of q t increased quickly with the beginning of adsorption at three temperatures. After 100 min, the values of q t gradually increased. Over 200 min, the adsorption rate became slow and finally reached equilibrium. Values of q t became larger at same time with the increase of temperature and there was advantage of CR adsorption at higher temperatures.
The results also showed that kinetics of CR adsorption consisted of two phases: an initial rapid phase where adsorption was fast and contributed significant to equilibrium uptake and a slower second phase whose contribution to CR adsorption was relatively small. The first phase was the instantaneous adsorption stage or external surface adsorption. The second phase was the gradual adsorption stage and finally CR uptake reached equilibrium. At same CR concentration, the time to equilibrium became shorter.
Two kinetic models of pseudo-first-order kinetic model and pseudo-second-order kinetic model are used to fit the kinetic data.
The pseudo-first order kinetic model [41] :
The pseudo-second order equation can be expressed as [42] : ) are the rate constant. The kinetic data are fitted by nonlinear regression analysis and the fit curves are also illustrated in Fig. 9 . The parameters of kinetic models are listed in Table 3 . It was seen from Fig. 9 and Table 3 that there were higher values of R 2 (0.95 and lower values of SSE) while the fitted curves were closer to experimental curves about pseudo-second-order kinetic model. This showed that the pseudo-second-order kinetic model was more suitable to predict the kinetic process of CR adsorption onto CS-MWCNTs than pseudo-first-order kinetic model. And the fitting result of the pseudo-first-order kinetic model was relatively poor, which indicated that the model was not suitable for describing the kinetic process.
Thermodynamic parameters of adsorption
In order to estimate the effect of temperature on the adsorption of CR onto CS-MWCNTs, the free energy change (ΔG°), enthalpy change (ΔH°), and entropy change (ΔS°) ). Table 3 Parameters of kinetic models for CR adsorption onto CS-MWCNTs (C 0 = 400 mg·L
Pseudo-first-order kinetic model ) of the adsorption is defined as [43] :
where c ad,e (mg·L ) can be obtained from the intercept and slope of van't Hoff plot of ΔG° and T:
) is standard Gibbs free energy change, R is universal gas constant, 8.314 J·mol
The thermodynamic parameters were calculated and are listed in Table 4 . At the experimental temperature, negative value of ΔG° indicated that the adsorption process is spontaneous. Positive value of ΔH° indicated the endothermic process, and also indicated that high temperature favored adsorption. The positive value of ΔS° indicated that the process was the increase of entropy, which indicated that the randomness of the solid solution interface increased during process of CR adsorption on CS-MWCNTs, mainly reflecting the additional translational entropy obtained by the solvent molecule.
Desorption and regeneration experiments
Reuse of spent adsorbent and recovery of adsorbate will make the treatment process economical and it is necessary to recover the adsorbent after adsorption [44, 45] . The regeneration efficiency was calculated by dividing the adsorption amount of the adsorbent after the treatment by the first adsorption amount. The adsorption amount of the first adsorption saturation is q 0 , the adsorption amount of the adsorbent regeneration is q n (n is the number of regenerations), and the mass of the adsorbate remaining on the adsorbent after analysis is m 0 , and the mass of the adsorbed mass is m d . The resolution d(%) and the regeneration rate r(%) of the adsorbent can be calculated by the Eqs. (10) and (11):
The experimental results using various methods are shown in Fig. 10 . It was seen from Fig. 10 that the regeneration efficiency of CR-loade CS-MWCNTs with 0.01 mol·L −1 NaOH was the best, and the regeneration rate can reach 80%. This may be due to the fact that in the alkaline solution, −NH 3 + is deprotonated, the electrostatic attraction between the adsorbent and CR became weak, and the adsorbed dye is dissolved in the solution after being desorbed from the active center, and adsorbed again due to the active point of the adsorbent.
The regeneration of three cycles was also performed using 0.01 mol·L −1 NaOH as desorbing agent. The results are presented in Fig. 11 . It was shown that the desorption efficiency was lower 50% and decreased with the increase of cycle. The regenerated efficiency became lower but it was still to 71 % after 3 cycles. In general, there is some potential use as practical and renewable adsorbents. Low desorption efficiency of CR with pH change indicates that physical forces such as hydrogen bonding and van der Waals force may play main role in the removal of CR by CS-MWCNTs because the change in pH only affects the surface charge of the adsorbent [44] .
Mechanism of CR adsorption
CS-MWCNTs was increased the adsorption abilities by introduction of amino and hydroxyl functional groups, and this preserves the integrity of the MWCNTs and reserves their exceptional properties. In addition, CS-MWCNTs are easier to separate than MWCNTs.
There are -SO 3 − and -NH 2 groups of CR, when the pH is lowered, the surface of the adsorbent and the -NH 2 on the CR molecule are protonated to -NH 3 + and there is electrostatic attraction between CR and CS-MWCNTs. The amount of -NH 3 + on the surface of the CS-MWCNTs decreases at solution pH over 4 and this results in lower values of adsorption quantity. N, S, O from CR ion can also form hydrogen bonds with chitosan on the surface of the adsorbent, which is adsorbed by chelation [33] . There is a π-π electron stacking, between the benzene ring of CR and the benzene ring of carbon nanotubes. The mechanism of CR adsorption on CS-MWCNTs is shown in Fig. 12 . Some CR molecules flocculate on the surface of the adsorbent at a suitable pH, indicating that a certain flocculation occurs at the same time of adsorption. Therefore, the adsorption mechanism contains a certain adsorption bridging effect. In addition, there are certain exposed carbon nanotubes on the surface of the adsorbent, which may also cause physical adsorption.
Conclusion
CS-MWCNTs have been successfully prepared and used to adsorb CR from solution in batch mode. The pH solution pH at 4.0 was favor of adsorption and there was higher adsorption capacity (623 mg·g -1 at 303K). The presence of salt promotes adsorption. The Freundlich and Koble-Corrigan models fit the equilibrium data well, and the pseudo second-order kinetic model can better describe the CR adsorption process, indicating that the adsorption is a heterogeneous multi-molecular layer and a chemisorption process. Adsorption is spontaneous and endothermic. Regeneration of CR-loaded CS-MWCNTs by NaOH solution is effective, and CS-MWCNTs can be reused. Therefore, it can be concluded that CS-MWCNTs is an effective and viable alternative to removing Congo red from wastewater.
